The mammalian nasal fossa contains a set of delicate and often structurally complex bones called turbinals. Turbinals and associated mucosae function in regulating respiratory heat and water loss, increasing surface area for olfactory tissue, and directing airflow within the nasal fossa. We used high-resolution micro-CT scanning to investigate a unique maxilloturbinal morphology in 37 species from the bat family Rhinolophidae, which we compared with those of families Hipposideridae, Megadermatidae, and Pteropodidae. Rhinolophids exhibit numerous structural modifications along the nasopharyngeal tract associated with emission of high duty cycle echolocation calls via the nostrils. In rhinolophids, we found that the maxilloturbinals and a portion of ethmoturbinal I form a pair of strand-like bony structures on each side of the nasal chamber. These structures project anteriorly from the transverse lamina and complete a hairpin turn to project posteriorly down the nasopharyngeal duct, and vary in length among species. The strand-like maxilloturbinals in Rhinolophidae were not observed in our outgroups and represent a synapomorphy for this family, and are unique in form among mammals. Within Rhinolophidae, maxilloturbinal size and cross-sectional shape were correlated with phylogeny. We hypothesize that strand-shaped maxilloturbinals may function to reduce respiratory heat and water loss without greatly impacting echolocation call transmission since they provide increased mucosal surface area for heat and moisture exchange but occupy minimal space. Alternatively, they may play a role in transmission of echolocation calls since they are located directly along the path sound travels between the larynx and nostrils during call emission. Anat Rec, 300:309-325,
INTRODUCTION
As in other mammals, the nasal fossa of rhinolophids plays a role in respiration and olfaction. Associated with these functions are a set of delicate and often architecturally complex bones called turbinals (also referred to as turbinates or conchae) that project from the walls of the nasal fossa in mammals. Turbinals serve as the scaffold for respiratory and olfactory mucosae, and can range in morphology from simple plates to intricate scrolls or branched structures, ranging in number from one to more than ten bilaterally symmetrical elements present in some mammals (Paulli, 1900a,b,c; Negus, 1958; Moore, 1981; Hillenius, 1992; Rowe et al., 2005; Ranslow et al., 2014) .
Articulating with the maxillae and positioned within the pathway of respiratory airflow, the maxilloturbinals are covered in respiratory mucosa, and function in filtering, warming, and humidifying inspired air, then cooling and reclaiming respiratory moisture from expired air (Schmidt-Nielsen et al., 1970) . In the posterodorsal region (also commonly referred to as the olfactory region) of the nasal fossa are turbinal elements that articulate with the ethmoid and sometimes also with the frontal (ethmoturbinals, frontoturbinals, and interturbinals), and nasal bone (nasoturbinals). These turbinals support a majority of the olfactory mucosa and are often collectively called olfactory turbinals (Van Valkenburgh et al., 2004; Rowe et al., 2005; Smith and Rossie, 2008) .
Variation in turbinal structure in mammals has a phylogenetic component (Paulli, 1900a,b,c; Negus, 1958; Moore, 1981; Van Valkenburgh et al., 2004; Green et al., 2012; Macrini, 2012; Ruf, 2014; Van Valkenburgh et al., 2011 , 2014a , and variation in maxilloturbinal surface area is strongly correlated with variation in the need to prevent respiratory heat and water loss (Paulli, 1900a,b,c; Moore, 1981; Van Valkenburgh et al., 2011) . The relationships among olfactory turbinal morphology, olfactory epithelial surface area, and olfactory ability are not well understood. Histological studies of an increasingly diverse sample of mammals show that the olfactory turbinals are not fully covered in olfactory epithelium, and distribution of olfactory epithelium within the nasal fossa varies among taxa (e.g., Bhatnagar and Kallen, 1974a,b,; Smith et al., 2004 Smith et al., , 2011 Smith et al., , 2014 Yee et al., 2016) . However these types of studies remain rare due to the destructive nature of histology. Application of computational fluid dynamics (CFD) methods to model olfactory airflow within the mammalian nasal fossa suggests that the configuration of the turbinals and nasal fossa are important in determining the velocity and direction of olfactory airflow and patterns of odorant deposition (Craven et al., 2010; Lawson et al., 2012; Eiting et al., 2014; Ranslow et al., 2014; Eiting et al., 2015; Xi et al., 2016 , Pang et al., 2016 .
In general, the structure and function of the turbinals in bats is similar to that of other mammals (Bhatnagar, 1972; Bhatnagar and Kallen, 1974a,b, 1975; Giannini et al., 2012; Smith et al., 2012) . Insectivorous bats are reported to have fewer turbinal elements than bats with frugivorous diets (Bhatnagar, 1972; Bhatnagar and Kallen, 1974a,b, 1975; Giannini et al., 2012; Smith et al., 2012) . Insectivorous bats also have relatively smaller olfactory bulbs and less olfactory mucosa lining the nasal fossae compared to bats in other dietary guilds, further suggesting that insectivores may be less dependent on olfaction (Bhatnagar, 1972; Bhatnagar and Kallen, 1974a,b, 1975; Giannini et al., 2012; Smith et al., 2012) .
In Old World bats that emit echolocation calls via the nasal chamber (Rhinolophidae, Hipposideridae, Megadermatidae, and Nycteridae), it has been suggested that modifications of the nasal fossa associated with nasophonation may select against complex turbinals within the nasal fossa, especially maxilloturbinals, which lie directly within the pathway taken by respired air (Kolb, 1971; Pedersen, 1998; Nelson et al., 2007) . Nelson et al. (2007) found that Rhinonycteris aurantia, a species of hipposiderid that emits HDC echolocation calls via the nasal chamber, almost completely lacks turbinals within the respiratory pathway and loses a greater amount of respiratory water than any bat species with larger maxilloturbinals from the same region. This supports the hypothesis that adaptations for nasophonation select against presence of large turbinals, but the necessary comparative data are currently lacking to test whether this hypothesis applies to other bats that emit calls via the nasal chamber.
Horseshoe bats (Family Rhinolophidae) comprise over 75 extant species of insectivorous bats found in a variety of Old World temperate and tropical habitats (Csorba et al., 2003; Simmons, 2005) . All living Horseshoe bats are classified in a single genus, Rhinolophus, which is second only to Myotis (Vespertilionidae) in species diversity (Simmons, 2005) . The evolutionary relationships among species within Rhinolophidae remain poorly resolved due to widespread homoplasy and cryptic species in this group (Stoffberg et al., 2010; Foley et al., 2015) . Species diversity in Rhinolophidae is often linked to the evolution of high duty cycle (HDC) echolocation, which is thought to have opened up formerly unexploited niches resulting in an adaptive radiation within this clade (Fenton et al., 1995; Fenton, 1999; Jones et al., 2002; Simmons and Conway, 2003; Eick et al., 2005; Odendaal and Jacobs, 2011; Wu et al., 2015) . HDC echolocation takes advantage of the Doppler effect to simultaneously emit calls and receive and process returning echoes (Fenton et al., 1995; Fenton, 1999; Fenton et al., 2012) . This highly-derived form of echolocation is thought to represent an adaptation for detecting, tracking, and capturing fluttering prey in a cluttered environment, such as the forests in which rhinolophids typically forage (Lazure and Fenton, 2011; Fenton et al., 2012) . Rhinolphids emit HDC echolocation calls via the nostrils (Pedersen, 1998; Fenton, 1999; and references cited therein) , and these bats show a suite of specialized structures along the nasolaryngeal tract that are thought to emphasize or suppress specific frequencies in the call finally emitted via the nostrils Suthers et al., 1988; Robinson, 1996; Zhuang and M€ uller, 2006; Pedersen and M€ uller, 2013; Wu et al., 2015) .
In horseshoe bats, we observed peculiar looking maxilloturbinal bones within the respiratory airway ( Fig. 1 ) that appeared distinct in form from the scrolled, branched, or plate shaped turbinals reported in other mammals, including other nasophonating bats (Negus, 1958; Moore, 1981; Hillenius, 1992; Giannini et al., 2012; Smith et al., 2012) . The only mention of rhinolophid maxilloturbinals in the literature is by Grosser (1900: Figure 17) , who illustrated a single transverse section through the nasal fossa of Rhinolophus ferrumequinum. This section, sliced at the third molar, shows maxilloturbinals that Grosser (1900) described as looking like "schmalem Stiele" ("narrow stalks") that he noted extended into the nasopharyngeal duct and appeared to be free-standing structures. However, the distinctiveness of these maxilloturbinals and their prevalence within Rhinolophidae has not received further attention in the literature. Understanding turbinal morphology within this family, and how it compares with that of other taxa, may thus contribute to understanding how turbinal structure has been affected by the evolution of nasophonation.
Until recently, turbinals proved difficult to study in large comparative samples due to the fact that they are largely hidden within the rostrum and are inaccessible except by using traditional methods that require destructive techniques. In addition, delicate turbinals are often damaged or missing in dry museum specimens (i.e., cleaned skulls), which has also limited their study. In this contribution, we used nondestructive highresolution micro computed tomography (micro-CT) scans to document turbinal morphology and variation within Rhinolophidae and related chiropteran families in order to investigate systematic relevance of these structures, as well as to build a comparative anatomical framework for future studies exploring turbinal function.
MATERIALS AND METHODS Taxonomic and Specimen Sampling
We micro-CT scanned and documented turbinal morphology in 37 species of rhinolophid bats chosen to represent the phylogenetic, geographic, morphological and body size diversity and disparity within this group (Table 1; see Supporting Information Table S1 for specimens examined). For comparative purposes, we also scanned and studied eight species representing the family Hipposideridae, which is widely regarded as the sister taxon of Rhinolphidae (Simmons and Geisler, 1998; Eick et al., 2005; Teeling et al., 2005; Foley et al., 2015) . Previous studies describing the turbinal anatomy of Megaderma lyra (Megadermatidae; Smith et al., 2012) and Pteropus lylei (Pteropodidae: Giannini et al. 2012) were additionally consulted for outgroup comparisons (Table  1) . Presumed phylogenetic relationships among the families included in the study are shown in Fig. 2 .
CT scanning and image processing is time intensive and costly, so we scanned a single individual per species in most cases in order to maximize taxonomic coverage. Although a sample size of one individual does not allow assessment of within-species variation, studies on the nasal fossae of other bat species has shown that intraspecific variation in turbinal morphology is much lower than interspecific variation (Bhatnagar and Kallen, 1975 ). However we scanned at least two individuals each for seven species (Rhinolophus canuti, R. ferrumequinum, R. hildebrandti, R. hipposideros, R. luctus, R. pusillus, and R. sinicus) in order to gain a general sense of intraspecific variation relative to interspecific variation in turbinal structure in Rhinolophidae (Supporting Information Table S1 ). In choosing specimens for scanning, we focused on whole specimens preserved in alcohol because, as noted above, they are more likely to have undamaged turbinal skeletons (with soft tissues intact) than dry skulls. We included dry skulls in our sample only where there was evidence that the structures of interest were intact, e.g., if the posterior margin of the turbinals within the nasopharyngeal duct were rounded and appeared unbroken when viewed under a dissecting microscope.
Imaging and Segmentation
All specimens were scanned at the American Museum of Natural History using a GE V|tome|x micro-CT scanner using a 240 mV high power directional X-ray tube. Resolution ranged from .019 to 0.030 mm with 954-1398 slices per scan depending on skull size, which was sufficient to resolve the individual elements of the turbinal skeleton in our samples. Using VG studio software (www.volumegraphics.com), all scans were aligned so that CT slices fell along the sagittal, transverse, and frontal planes of the skull, with the anterior and posterior margins of the hard palate (excluding the premaxillae) aligned orthogonally to the nasal septum. Aligned slices were exported as 16-bit tiffs for later segmentation. This facilitated ease of working with CT data, and ensured that volumetric reconstructions of all crania were aligned consistently for comparison and interpretation of turbinal anatomy. All CT data and associated scan parameters are available on the MorphoSource database (morphosource.org) by searching the bibliographic information for this study.
Aligned CT slices were imported into Avizo 8.1.1 software (http://www.fei.com/software/avizo3d/) as stacks of 16-bit tiff files for segmentation and volumetric rendering of skulls from CT data. Bone was manually segmented from nonbone (soft tissues and air) using the "MultiThresholding" tool, and the "Segmentation Editor" was used to improve regional thresholding within scans. Individual turbinals were segmented from both sides of 
N: sample size. Note that data for Megaderma lyra and Pteropus lylei are from Smith et al. (2012) and Giannini et al. (2012) , respectively. MTL: species means for greatest anterior-posterior length of the lateral strand of the maxilloturbinal in mm. PL: species means for greatest anterior-posterior length of the hard palate, excluding the premaxilla in mm. MTL/ PL: length of the lateral strand of the maxilloturbinal relative to the length of the palate. LS: Length of the lateral strand of maxilloturbinal relative to the posterior border of the hard palate (Short: MTL/PL 1, does not protrude beyond posterior border of the hard palate, Long: MTL/PL between 1 and 1.5, extends beyond posterior border of the hard palate but less than half the distance to the pterygoid flanges, XL: MTL/PL 1.6, extends beyond posterior border of the hard palate to a point greater than approximately half the distance to the pterygoid flanges. MS: Length of the medial strand of maxilloturbinal relative to the posterior border of the hard palate, Short, does not protrude beyond posterior border of the hard palate, Long: extends beyond posterior border of the hard palate. ET: number of ethmoturbinals. TL: Presence of perforations in the transverse lamina.
the nasal chamber and color coded to reflect hypothesized homologies. Three-dimensional volumetric models of skulls were generated for all specimens using the "Generate Surface" module in Avizo in order to observe turbinal morphology within the nasal chambers of skulls.
To assess homologies of turbinals, we compared the morphology of the individual elements of the turbinal skeletons of rhinolophids with published descriptions of the turbinal morphology of Megaderma lyra (Smith et al., 2012) and Pteropus lylei (Giannini et al., 2012) . Numerous schemes have been used to name the different types of turbinals, as well as to identify individual elements of the turbinal skeleton within each region (e.g., see Table 1 in Giannini et al. 2012 and sources therein). We followed the terminology used by Smith and Rossie (2008) , which is based largely on the developmental work of Maier (1993) .
Quantitative analyses. Based on preliminary observations, the lateral strand of the maxilloturbinal shows the greatest disparity in length and position relative to the posterior margin of the hard palate. To quantify this variation, we measured the greatest anteriorposterior length of the lateral strand of the maxilloturbinal (MTL), as well as the greatest anterior-posterior length of the hard palate (PL) excluding the moveable premaxillae (Fig. 3) . We calculated species means for MTL and PL, and log 10 -transformed species means for both variables for use in subsequent statistical analyses to improve normality of our data. Raw data are provided in Supporting Information Table S2 .
To examine disparity in maxilloturbinal morphology within the context of rhinolophid phylogeny, we used the contMap function in the phytools package (Revell, 2012) in R to map relative maxilloturbinal length (MTL/PL) using maximum likelihood. We also explored the phylogentic signal in turbinal morphology using the phylosig function within phytools (Revell, 2012) to estimate Blomberg's K (Blomberg et al., 2002) . Trait evolution was simulated ten thousand times. If K 5 1, the trait is evolving as expected under a model of Brownian motion (i.e., the variation in the trait is explained by the structure of the phylogeny). When K < 1, it indicates that species resemble each other less than expected under an evolutionary model of Brownian motion along a hypothesized topology (i.e., variation in the trait is not explained by the structure of the phylogeny). When K > 1, it suggests that the trait looks more similar than expected under Brownian motion. All statistical analyses were performed in R (R Core Team, 2015) . We used the tree topology and branch lengths from Shi and Rabosky (2015) and pruned it to only include the species in our study. Six species in our dataset (Rhinolophus bochoricus, R. canuti, R. hillorum, R. imaizumii, R. keyensis, and R. sinicus) were not included in the phylogeny of Shi and Rabosky (2015) , and these were excluded from our quantitative analyses although they were included in our qualitative comparisons and descriptions.
RESULTS

Morphology of Turbinals in Rhinolophidae
All members of Rhinolophidae in our sample share a similar turbinal morphology, which is qualitatively bilaterally symmetrical (Figs. 4 and 5) . Three to four platelike ethmoturbinals (Fig. 6A-C) are present within the posterodorsal region of the nasal fossa. The ethmoturbinals are separated from the main respiratory pathway ventrally by a well-developed transverse lamina in all species, defining a well-developed olfactory recess (Figs.  4 and 5) .
A comparison of Rhinolophus turbinal morphology with that of Pteropus lylei and Megaderma lyra suggests that the dorsal-most ethmoturbinal in Rhinolophus is homologous with ethmoturbinal I, which is juxtaposed very closely to the maxilloturbinal in Pteropus lylei (see Fig. 5 in Giannini et al. 2012) and Megaderma lyra (Smith et al., 2012) . The dorsal-most turbinal in rhinolophids occurs in a similar position and is fused to the maxilloturbinal. Ethmoturbinals II and III were also present in all rhinolophid specimens that we examined, but presence of ethmoturbinal IV was variable [e.g., Rhinolophus affinis and R. mehelyi both have three ethmoturbinals (Fig. 6A,B) , while Rhinolophus hipposideros (Fig. 6C) has four ethmoturbinals] .
The maxilloturbinal of all rhinolophids has a distinctive form that consists of two strands of bone (here termed the medial and lateral strands of the maxilloturbinal) that project anteriorly and complete a hairpin turn to curve posteriorly down the nasopharyngeal duct (Figs. 4-6 ). Inside the nasal fossa they are fused to the transverse lamina, and to the medial walls of the medial and lateral nasal swellings (Figs. 4 and 5) . It is possible that a portion of ethmoturbinal I, which is fused to the maxilloturminal in all rhinolophids, contributes to part of the lateral strand. However, the exact junction between ethmoturbinal I, and the maxilloturbinal was not well defined in any of our scans so we could not determine this with any certainty.
Intraspecific Variation
Although sample sizes do no permit a full assessment of intraspecific variation, in species for which we sampled two specimens (Rhinolophus canuti, R. ferrumequinum, R. hildebrandti, R. hipposideros, R. luctus, R. pusillus, and R. sinicus), the number of ethmoturbinals was consistent within species, and the morphology of the medial and lateral strands of the maxilloturbinal were qualitatively similar, suggesting intraspecific variation in turbinal morphology is relatively low in rhinolophid bats.
Interspecific Differences in Turbinal Morphology
Within Rhinolophidae, the medial and lateral strands of the maxilloturbinal vary in length among species, with more extreme development in some species compared to others. The lateral strand of the maxilloturbinal is the longer of the two strands in all species, but it varies in length across taxa (see Table 1 for a summary). In general, the anterior-posterior length of the long strand of the maxilloturbinal relative to the anteriorposterior length of the hard palate falls into three different categories that can typically be identified by examining handheld crania in ventral view. In most species the lateral strand projects posteriorly beyond the posterior border of the hard palate. In these forms the length of lateral strand ranges from >1.0 times to 1.5 times the length of the hard palate; we classified this condition of the lateral strand as "long" (Fig. 6C ; Table  1 ). In other species, the lateral strand is equal in length or shorter than the hard palate and thus may not be visible in palatal view; we classified this condition as "short" (Fig. 6B) . Finally, the lateral strand is exceptionally long ("XL")-over 1.6 times the length of the hard palate-in six species (Rhinolophus affinis, R. canuti, R. creaghi, R. pearsoni, R. stheno, and R. subrufus; Fig. 6A ; Table 1 ). In handheld specimens examined in palatal view, "XL" turbinals can generally be distinguished from "long" lateral strands in that "XL" lateral maxilloturbinal strands project posteriorly to a position approximately half the distance or greater between the posterior border of the hard palate and a transverse line drawn across the pterygoid flanges.
The medial strand of the maxilloturbinal is typically shorter than the lateral strand and typically does not project posteriorly beyond the secondary palate (classified as "short"; Fig. 5A,B) , but does project posteriorly past the posterior border of the secondary palate in some taxa (e.g., Rhinolophus canuti, R. hipposideros, R. imaizumii, R. monoceros, R. pusillus, and R. subrufus ( Fig. 6C ; Table 1) .
Two species deviated from the typical cross-sectional morphology of the maxilloturbinal strands in Rhinolophidae. In most rhinolophids, the strands are thin and roughly circular in transverse section (Figs. 4-6 ). In contrast, the lateral and medial strands in Rhinolophus rex are very thick and bulbous (Fig. 7) , and the lateral strands in Rhinolophus luctus and Rhinolophus trifoliatus, which are sister taxa, are dorsoventrally flattened and mediolaterally broad (Fig. 8) . In other respects the turbinals of these taxa resemble those of other rhinolophids.
When we plotted MTL/PL as a continuous trait on the pruned topology from Shi and Rabosky (2015) , we found that all species classified as having "XL" lateral strands of the maxilloturbinal form a monophyletic group (Fig.  9 ). "Short" lateral strands of the maxilloturbinal appear to have evolved multiple times in different lineages of rhinolophids (Fig. 9) . MTL showed strong phylogenetic signal (K 5 0.82, P 5 0.01), as did MTL/PL (K 5 0.85, P 5 0.009). Using ML and an underlying model of Brownian motion, we estimated the ancestral character state for MTL/PL to be 1.24 (95% CI [0.98-1.51]), suggesting that the lateral strand of the maxilloturbinal was "long" in the common ancestor of the species in our sample.
Additional Observations regarding the Nasal Fossa of Rhinolophidae
Morphology of the transverse lamina also varies among rhinolophids. Most species have large fenestrae in the transverse lamina between the ethmoturbinals (Fig. 10A) . In contrast, Rhinolophus luctus, R. deckenii, and R. canuti lack fenestrae and have a completely solid transverse laminae (Fig. 10B) .
The soft-tissue lining the nasal fossa visible in several scans allowed us to see that the epithelium covering the medial and the lateral strands of the maxilloturbinal has no soft-tissue connections to the tissue surrounding nasopharyngeal duct; i.e., the maxilloturbinal strands are completely free-standing structures within the nasopharyngeal duct (Fig. 11) .
Comparisons with Outgroups
Rhinolophidae and their sister group, Hipposideridae, each have fewer turbinal elements than Pteropus lylei and Megaderma lyra. Hipposiderids have between 1 and 4 ethmoturbinals ( Table 1) . Members of the genus Hipposideros have the greatest number of ethmoturbinals (3 or 4, Table 1 ), but the two dorsal-most turbinals are largely incorporated into the medial walls of the expansive lateral nasal inflations, and appear to have greatly reduced surface area compared to those of rhinolophids (Fig. 12) . The most extreme reduction of turbinals is seen in Rhinonycteris aurantia (Fig. 13) and Triaenops persicus (Fig. 14) , which each have only one ethmoturbinal on either side of the nasal fossa, as well as Aselliscus tricuspidatus, which had two ethmoturbinals ( Table 1) . The maxilloturbinals are absent resulting in a respiratory pathway completely void of turbinals in all shown at bottom, which shows the cross-sectional shape of the medial and lateral strands of the maxilloturbinal. Turbinal elements colorcoded as in Fig. 4 . hipposiderids sampled, with the possible exception of Triaenops persicus (Fig. 14) , which showed a small bony projection ventral to the opening of the lateral nasal swelling that may represent a greatly reduced maxilloturbinal (Table 1) . Due to the greatly reduced morphology and amount of fusion seen in the ethmoturbinals in Hipposideridae, it was difficult to determine homologies of individual elements in adult specimens.
The maxilloturbinals of rhinolophids also differ from those of Megaderma lyra, a member of the superfamily Rhinolophoidea, which has maxilloturbinals that are reduced to a plate-like ridge (Smith et al., 2012) . Rhinolophids have fewer and less complex ethmoturbinals than carnivorous Megaderma (3-4 in Rhinolophidae versus 7 in Megaderma, Table 1 ) and rhinolophids lack interturbinals that are present in M. lyra (Smith et al., 2012) . Ethmoturbinal I in M. lyra is not fused to the maxilloturbinal.
Rhinolophid maxilloturbinals are also distinct from the proportionally larger, bifurcated and scrolled maxilloturbinals with multiple branches seen in Pteropus lylei, a more distantly related member of the suborder Yinpterochiroptera (Giannini et al., 2012) . Rhinolophids have a similar number of ethmoturbinals to Pteropus (3-4 in Rhinolophidae versus 4 in Pteropus, Table 1 ), but the ethmoturbinals of rhinolophids showed none of the branching or scrolling seen in those of frugivorous Pteropus, and rhinolophids lack a frontoturbinal and nasoturbinal (Giannini et al., 2012) . In Pteropus, ethmoturbinal I is positioned dorsal to the maxilloturbinal and overlaps with it in the anterior-posterior direction, but it is not fused with the maxilloturbinal as in Rhinolophus (Giannini et al., 2012)
DISCUSSION
Nondestructive CT technology has greatly improved our ability to study the mammalian nasal fossa in large comparative samples. As foreshadowed by Grosser's (1900) histological study, we found that the maxilloturbinals of rhinolophids are shaped like long, freestanding, "stalks" or strands, but with the aid of micro-CT scanning we were able to reveal the complete threedimensional morphology of these turbinals for the first time. We found that all 37 members of Rhinolophidae in our diverse sample have distinctive maxilloturbinals with medial and lateral strands of bone that project into the nasopharyngeal duct, a feature that represents a new synapomorphy for this family. To our knowledge, strand-shaped turbinals have never been reported in any other mammalian taxon. Typically, the shape of mammalian turbinals fall into three categories; scrolled, branched, or plate-shaped (Paulli, 1900a,b,c; Negus, 1958; Moore, 1981) .
Length of the medial and lateral strands of the maxilloturbinals and their cross-sectional shape varies among species within Rhinolophidae, with some traits (e.g., XL lateral strands) limited to particular clades. As Rhinolophidae is inferred to have MTL/PL 5 1.24. Tree topology is based on that of Shi and Rabosky (2015) , which was pruned to include species in our sample. Length of gray bars to the right of each species is proportional to MTL/PL. resolution of interspecific relationships among rhinolophids continues to improve (e.g., Foley et al., 2015; Dool et al., 2016) , the systematic relevance of turbinal morphology within this family may become clearer. Quantifying the three-dimensional structure of turbinals using methods such as landmark-based geometric morphometrics may help distinguish more subtle differences in maxilloturbinal form that are phylogenetically informative.
We also showed that all sampled members of Hipposideridae, the sister taxon to Rhinolophidae, completely lack maxilloturbinals, with the possible exception of Triaenops persicus. This was somewhat surprising because Rhinolophidae and Hipposideridae both emit HDC echolocation calls via the nasal chamber, a behavior assumed to have evolved in the common ancestor of these families (Fenton et al., 1995; Fenton, 1999; Eick et al., 2005; Lazure and Fenton, 2011; Fenton et al., 2012) . Structures associated with production and emission of echolocation calls in Rhinolophidae, such as tracheal chambers and pneumatic inflations on the rostrum, are also found in Hipposideridae (Neuweiler, 2000) . Given these similarities, we did not expect such a dramatic difference in the turbinals between these groups. Why rhinolophids retain maxilloturbinals while their sister taxon Hipposideridae (also HDC echolocators) lost them altogether remains to be investigated. Hipposiderids typically emit higher frequency calls for a given body size and are restricted to warmer climates than Rhinolophids, both of which may be reflected in the morphology of the nasal fossa, but the morphological correlates of these differences have yet to be explored (Heller and Helversen, 1989; Csorba et al., 2003) .
Consistent with previous authors, we observed a reduced number of olfactory turbinals in both Rhinolophidae and Hipposideridae. Ethmoturbinals, the only olfactory turbinal elements present in both families, are plate-shaped in form in these taxa and range in number from one to four paired elements. Lack of frontoturbinals and nasoturbinals, which are present in Pteropus lylei, characterize Rhinolophidae, Hipposideridae, and Megadermatidae, which all belong to superfamily Rhinolophoidea. Megaderma lyra exhibits a secondary expansion of the olfactory turbinal skeleton by addition of interturbinals (Smith et al., 2012) , a feature not seen in rhinolophids or hipposiderids. The reduced olfactory turbinal number seen hipposiderids and Rhinolophidae may be a reflection of decreased olfactory ability associated with their insectivorous diet, limited space within a small rostrum, or even use of nasophonation. The dramatic reduction of the ethmoturbinal skeleton in some hipposiderids (e.g., Rhinonycteirs aurantia and Triaenops persicus) suggests that the sense of olfaction is greatly reduced in these taxa.
Systematic differences in turbinal number and form and the developmental processes that underlie these differences are also poorly understood. The ancestral number of ethmoturbinals in mammals is thought to be four, and these elements develop early in ontogeny from a common embryonic cartilage (the pars posterior) (Maier, 1993, Smith and Rossie, 2008; Smith et al., 2012) . The early formation of these structures in ontogeny may explain why these elements are retained even as the rest of turbinal skeleton is reduced. Other turbinal elements are derived from other embryonic cartilages (nasoturbinals and frontoturbinals) or are secondary elements that develop later in ontogeny (interturbinals) (Maier, 1993; Smith and Rossie, 2008; Smith et al., 2012) . A detailed histological analysis of turbinal morphology and development within the context of phylogeny would help us understand patterns of turbinal reduction and expansion, which is also known to occur in other mammalian clades (e.g. Smith et al., 2004 Smith et al., , 2011 Macrini, 2012; Ranslow et al., 2014; Ruf, 2014; Smith et al., 2014) . Ontogentetic histological studies would also be useful toward understanding how rhinolophid maxilloturbinals develop.
The function of the curiously shaped turbinals in Rhinolophidae remains to be elucidated. As in other mammals, the maxilloturbinals may play a role in reducing respiratory heat and water loss (Hillenius, 1992) . Cylindrical structures have a high surface area relative to volume, so the strand-like morphology of the maxilloturbinals may be an adaptation to facilitate heat and water regulation within the limited space of the bat nasal fossa without impeding the emission of echolocation calls. In other groups of mammals, maxilloturbinal surface area is typically proportionally greater in species with increased demands to retain body heat and water such as animals living in cooler and/or drier habitats, such as those close to the poles, deserts, or aquatic environments (Jackson and Schmidt-Nielsen, 1964; Hillenius, 1992; Van Valkenburgh et al., 2011) . If the maxilloturbinals play a primary role in respiratory heat and water conservation, then we would expect to see proportionally longer maxilloturbinal strands, which would provide greater surface area for heat and moisture exchange, in species from environments where water conservation is important. We plan to explore these hypotheses in future studies with wider taxonomic sampling.
Evolution of HDC echolocation in the common ancestor of Rhinolophidae and Hipposideridae is thought to have opened up formerly unexploited niches resulting in an adaptive radiation within this clade (Fenton et al., 1995; Fenton, 1999; Jones et al., 2002; Simmons and Conway, 2003; Eick et al., 2005; Odendaal and Jacobs, 2011; Wu et al., 2015) . In addition, a number of studies suggest that the evolutionary divergence in echolocation call frequency facilitates divergence in diet, habitat use, and recognition of conspecifics (Heller and Helversen, 1989; Kingston and Rossiter, 2004; Jiang, et al., 2008; Shi et al., 2009 ). These differences, in turn may facilitate speciation in these groups (Kingston and Rossiter, 2004) . Because the lateral and medial strands of the maxilloturbinal lie directly along the pathway of emitted calls, they could play a role in transmission of echolocation calls, which would add another link in the complex suite of traits linked to call emission in rhinolophids.
As noted previously, multiple structures along the nasopharyngeal tract serve to modify sounds produced in the larynx that result in the final emitted call being quite different from the original sound generated in the larynx . Differences in length of the strands relative to each other, to overall skull size, and/ or to length of the hard palate may also facilitate disparity in call frequency among species that is independent of body size by either changing the size of or shape of the nasal fossa through which calls travel. If turbinal size is more strongly correlated with echolocation call frequency and the morphology of other structures associated with production or detection of echolocation calls than with body size, it would suggest that the unique maxilloturbinals of rhinolophids play a role in echolocation call transmission.
Previous authors have suggested that presence of complex turbinals has been selected against in bats that emit echolocation calls via the nostrils (Pedersen, 1998; Nelson et al., 2007) . Three of the four families included in this study (Rhinolophidae, Hipposideridae, and Megadermatidae) emit echolocation calls via the nostrils, yet show differences in the development of the turbinal skeleton. Megaderma lyra shows a greatly expanded olfactory turbinal skeleton, but a reduced maxilloturbinal skeleton compared to nonecholocating Pteropus lylei (Giannini et al., 2012; Smith et al., 2012) . All but one member of Hipposideridae in our sample (Triaenops persicus) has lost maxilloturbinals, and along with Rhinolophidae, show reduced olfactory turbinal skeletons compared to M. lyra and P. lylei. Among the three nasalemitting families, rhinolophids showed the most welldeveloped maxilloturbinals within the respiratory pathway. In order to fully understand how evolution of different echolocation modalities may have affected turbinal and nasal fossa form, turbinal and nasal fossa anatomy needs to be quantified and compared among oral and nasal emitters, as well as nonecholocating bats, and these data must be analyzed within the context of phylogeny.
CONCLUSIONS
Future work will focus on putting the highly variable morphology of rhinolophid maxilloturbinals into a quantitative and phylogenetic context in order to explicitly test hypotheses about the function of the unusual maxilloturbinals in Rhinolophidae. Our large sample of micro-CT scans from complete fluid specimens will also allow us to expand our morphological dataset to include other aspects of rhinolophid cranial anatomy, especially those associated with their specialized echolocation behavior. Such structures include tracheal chambers, pneumatic inflations on the rostrum, and structures of the middle and inner ear.
Bats represent approximately one-fifth of all living mammal species, and show great morphological, dietary, and ecological disparity (Simmons, 2005) . Furthermore, the small body size and relative abundance of fluid specimens relative to other groups of mammals makes bats an ideal group in which to investigate the link between form and function in the mammalian nasal fossa using micro-CT scans. As previously stated, the relationship between turbinal morphology and distribution of olfactory and respiratory epithelia within the nasal fossa differs among mammals, but is still poorly understood. Computational fluid dynamics studies informed by histology have been used to infer respiratory and olfactory performance in other mammals, including some bats, (Craven et al., 2010; Lawson et al., 2012; Eiting et al., 2014; Ranslow et al., 2014; Eiting et al., 2015; Pang et al., 2016; Xi et al., 2016) , diffusible iodine-enhanced CT scanning now allows nondestructive imaging of soft tissues (Gignac and Kley, 2014) , and our understanding of the mammalian olfactory genome is rapidly improving (e.g., Hayden et al., 2010 Hayden et al., , 2014 . Continued integrative work in these areas in an increasingly diverse sample of mammals will undoubtedly aid our understanding of how differences in olfactory, thermoregulatory, and osmoregulatory abilities are reflected in nasal fossa morphology.
